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采用电化学阳极氧化法，在 Ti 基底表面制备阵列排布的 TiO2 纳米管。通过
调节实验参数可实现纳米管的口径及管长的控制，具有极好的重现性。实验表明，
将 Ti 基底置于含 NH4F 的乙二醇中性电解液中阳极氧化，经反应 3 h 可制得厚度
约为 22 μm 的 TiO2 纳米管阵列膜。利用 TiCl4对所制得的 TiO2电极进行表面处
理，光电流谱测试表明，处理过的光阳极表现出更为优异的光电化学性能。 
在 HF 体系中制得管长约为 450 nm 的 TiO2 纳米管阵列，并采用连续离子层
吸附反应法 (SILAR)，在 TiO2 纳米管表面均匀沉积 ZnS/CdS 薄膜，制得
ZnS/CdS@TiO2 复合光阳极。实验表明，复合窄禁带半导体 CdS，能有效地扩展
光阳极的光吸收范围至可见光区，同时显著提高光电流响应强度；此外，在
CdS@TiO2 复合电极表面包覆 ZnS 壳层，可明显地改善其光稳定性。将所制得的

















在含 NH4F 的乙二醇电解液中阳极氧化获得长度约为 22 μm 的 TiO2纳米管
阵列膜，采用连续离子层吸附反应法(SILAR)在 TiO2 纳米管表面沉积少量的 CdS
量子点，并以此为晶核，低温下化学沉积 CdSe 薄膜，制得 CdSe/CdS 敏化的 TiO2
纳米管阵列膜。将一系列复合光阳极组装太阳能电池，测试结果表明，反应 30 h
制得的样品的能量转换效率达到 2.20%。此外，将 TiO2 纳米管置于密闭的容器
中进行热处理，由于纳米管内残留的极少量氟离子具有诱导纳米管转化为纳米颗
粒的作用，导致形成纳米管表面附着纳米颗粒的特殊结构，有效地增大 TiO2 的


















Modification of CdX (X=S, Se) on TiO2 Nanotubular Array Film 
and Its Photoelectric Performance in Photogenerated Cathodic 




Titanium dioxide (TiO2) has been proved to be one of the most important 
semiconductors in various attractive applications based on solar light conversion. 
However, the fast recombination rate of photogenerated electron-hole pairs in the pure 
TiO2 and the wide bandgap (3.2 eV) severely hinder its industrial applications. 
Surface modification of TiO2 with narrow bandgap semiconductors is a promising 
approach to enhance the quantum efficiency and broaden photoresponse range. 
In the present work, highly ordered TiO2 nanotubular array films were prepared 
on Ti sheets, and then were decorated with narrow bandgap semiconductors of CdS 
and CdSe. The morphology of the prepared samples is observed using scanning 
electron microscopy and transmission electron microscopy. The chemical composition 
is analyzed by energy dispersive X-ray (EDX) spectroscopy. The UV-visible 
absorption spectra are recorded by a UV-visible spectrophotometer. Furthermore, the 
photoelectric performance of CdX@TiO2 (X=S, Se) photoanodes was investigated in 
photogenerated cathodic protection and sensitized solar cells. The main results of this 
work are listed as follows: 
Eelectrochemical anodic oxidation was used to prepare well aligned uniform 
TiO2 nanotubuler films on Ti sheets. It is found that the TiO2 nanotube film as thick as 
22 　m can be obtained after anodizing in NH4F-based ethylene glycol electrolyte for 
3 h. Moreover, the as-prepared TiO2 nanotubes were further treated by TiCl4 aqueous, 
which was able to improve the photoelectrochemical properties of TiO2 nanotubes 
markedly. 















electrolyte. Afterwards, shell-core nanostructured ZnS/CdS quantum dots (QDs) was 
assembled uniformly on the surface of TiO2 nanotubes by Successive Ionic Layer 
Adsorption and Reaction (SILAR) technique. With the modification of CdS QDs, the 
photoabsorption of the composite photoanode shifts to visible region and the 
photocurrent response is enhanced markedly. It is demonstrated that the ZnS thin 
shell is able to significantly improve the photostability of CdS modified photoanode. 
In addition, according to the photoelectrochemical measurement, the 403 stainless 
steel can be successfully protected from corrosion in 0.5 M NaCl solution as long as 
it is coupled with the highly stable ZnS/CdS@TiO2 composite photoanode under 
white-light illumination. 
Ti sheets were electrochemically anodized in NH4F-based EG electrolyte in order 
to increase the length of TiO2 nanotubes. Then CdS QDs were deposited on the 
surface of TiO2 nanotubes by SILAR technique, which were further served as 
seed-layer for CdSe film growth. The chemical bath deposition for preparing CdSe 
was performed at low temperature, and the influence of deposition time on the 
photovoltaic performance of the manufactured CdSe/CdS sensitized TiO2 NTs solar 
cells was studied. It is found that the energy conversion efficiency reaches 2.20% 
when depositing for 30 h. The TiO2 nanotubes can be partially transformed to 
nanoparticles if annealing in ambient fluorine, leading to a special morphology of 
nanotubes decorated with nanoparticles. The energy conversion efficiency of the 
corresponding CdSe/CdS sensitized TiO2 solar cells is significantly improved up to 
2.74%, due to the markedly increase of TiO2 surface area.  
 
Keywords：TiO2 Nanotube Arrays; CdS; CdSe; Photogenerated Cathodic Protection, 
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第一章 绪论 
 




米技术之父”的著名物理学家、诺贝尔奖获得者 Richard P.Feynman 在美国物理
年会上所做的著名演讲“There’s a plenty of room at the bottom”中提出[1]。随着
纳米技术的崛起，他的这个演讲常常被引为对纳米世纪来临的预言。从 20 世纪
80 年代发展至今，纳米技术已经在信息、材料、能源、环境、生物、农业、国














性、抗紫外线能力强、透明性优异等特点。1972 年 Fujishima 和 Honda[7]利用 TiO2
单晶电极光解水成功，掀起了纳米 TiO2 光电化学性能的研究热潮。二氧化钛，
俗称钛白粉，是目前 具应用前景的宽禁带半导体材料之一。分子量 79.9，熔点























组成骨架。如图 1.1 所示[9]，Ti 处于八面体的中心，其周围有六个氧原子，这些
氧原子位于八面体的棱角处，锐钛矿结构是由 TiO6 八面体共用边组成。金红石
和板钛矿结构则是由 TiO6 八面体共顶点且共用边组成。金红石型 TiO2 是一种典
型的四方晶系晶体构型，两个 TiO2 分子组成一个晶胞。锐钛矿型 TiO2 晶型也属
四方晶系，四个 TiO2 组成一个晶胞。板钛矿相属于斜方晶系，晶胞由六个 TiO2










图 1.1 TiO6 结构单元的连接 
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